Although the functions of a few effector proteins produced by bacterial and oomycete plant pathogens have been elucidated in recent years, information for the vast majority of pathogen effectors is still lacking, particularly for those of plantpathogenic fungi. Here, we show that the avirulence effector AvrPiz-t from the rice blast fungus Magnaporthe oryzae preferentially accumulates in the specialized structure called the biotrophic interfacial complex and is then translocated into rice (Oryza sativa) cells. Ectopic expression of AvrPiz-t in transgenic rice suppresses the flg22and chitin-induced generation of reactive oxygen species (ROS) and enhances susceptibility to M. oryzae, indicating that AvrPiz-t functions to suppress pathogen-associated molecular pattern (PAMP)-triggered immunity in rice. Interaction assays show that AvrPiz-t suppresses the ubiquitin ligase activity of the rice RING E3 ubiquitin ligase APIP6 and that, in return, APIP6 ubiquitinates AvrPiz-t in vitro. Interestingly, agroinfection assays reveal that AvrPiz-t and AvrPiz-t Interacting Protein 6 (APIP6) are both degraded when coexpressed in Nicotiana benthamiana. Silencing of APIP6 in transgenic rice leads to a significant reduction of flg22-induced ROS generation, suppression of defense-related gene expression, and enhanced susceptibility of rice plants to M. oryzae. Taken together, our results reveal a mechanism in which a fungal effector targets the host ubiquitin proteasome system for the suppression of PAMP-triggered immunity in plants.
INTRODUCTION
Plants have evolved multiple layers of preformed and induced defenses to protect themselves against pathogens. Upon pathogen infection, the recognition of pathogen-associated molecular patterns (PAMPs) by the pattern recognition receptors (PRRs) triggers the first layer of defense response, which is referred to as PAMP-triggered immunity (PTI) and includes the accumulation of reactive oxygen species (ROS) and the deposition of phenolic compounds (Jones and Dangl, 2006) . However, pathogens deliver effector proteins to target PRRs or key components in the PTI signaling pathway to suppress the defense triggered by PAMPs. Some of the effectors, referred to as avirulence (Avr) proteins, can interact either directly or indirectly with the cognate resistance (R) gene products or bind to the promoter of the cognate R genes, triggering a second layer of defense called effector-triggered immunity (ETI). ETI is a more robust and effective defense than PTI and is often associated with a hypersensitive response (HR) at the infection site that inhibits pathogen proliferation (Chisholm et al., 2006; Jones and Dangl, 2006) . However, several recent studies have challenged the distinction between PTI and ETI and have provided evidence for a continuum between the two types of immunities (Lee et al., 2009; Thomma et al., 2010) .
Ubiquitination is one of the important protein posttranslational modifications in eukaryotic cells. The ubiquitin-activating enzymes (E1), ubiquitin-conjugating enzymes (E2), and ubiquitin ligases (E3) are three main enzymes in the ubiquitin proteasome system (UPS) (Vierstra, 2003) . Ubiquitination-related proteins are much more abundant in plant genomes than in Saccharomyces cerevisiae and Drosophila melanogaster genomes, reflecting the importance of ubiquitination in plants. Ubiquitination is involved in many biological processes in plants, such as the cell cycle, circadian rhythm control, hormone signaling, growth, and development (Smalle and Vierstra, 2004; Santner and Estelle, 2010) . Recent research also suggests that ubiquitination is involved in disease resistance and in suppression of host plant innate immunity by pathogen Shirsekar et al., 2010) . For example, the F-box-containing GALA effector proteins in Ralstonia solanacearum interact with Arabidopsis thaliana SKP1-like proteins, a component of the SCF-type E3 ubiquitin ligases (Angot et al., 2006) . In a second example, the Pseudomonas syringae effector HopM1 does not contain any known conserved domain associated with the UPS but mediates the proteasome-dependent degradation of an Arabidopsis protein MIN7 (HopM interactor 7) that is required for cell wall-mediated defense (Nomura et al., 2006) . Blocking the degradation of trans-Golgi network/early endosome-associated MIN7 by P. syringae is an essential part of the ETI mechanism for counteracting bacterial suppression of PTI (Nomura et al., 2011) . A third example concerns AvrPtoB, an avirulence factor produced by P. syringae pv tomato (Abramovitch and Martin, 2005) . Instead of targeting the UPS in plants, AvrPtoB contains a U-box-like domain in its C-terminal region and suppresses cell death triggered by Pto and Fen. The E3 ubiquitin ligase activity of AvrPtoB is required for the degradation of the tomato protein kinase Fen, which together with the nucleotide binding site-Leu-rich repeat (NBS-LRR) R protein Prf signals in defense against the pathogen (Rosebrock et al., 2007) . A recent study showed that Pto is resistant to AvrPtoBmediated degradation because it inactivates AvrPtoB E3 ubiquitin ligase activity (Ntoukakis et al., 2009) , demonstrating a novel host immunity strategy that inactivates the enzymatic activity of a bacterial effector. The involvement of the UPS in the interactions between plants and oomycetes is emerging. A recent study with potato (Solanum tuberosum) reported that the Phytophthora infestans effector AVR3a interacts with and stabilizes host U-box E3 ubiquitin ligase CMPG1, which is required for the INF1-triggered cell death (Bos et al., 2010) . CMPG1 degradation depends on the UPS, and the degradation is prevented by the modifications of CMPG1 E3 ubiquitin ligase activity by AVR3a. However, it is not clear whether fungal effectors and host E3 ubiquitin ligases have a similar relationship or not during plantfungus interactions.
Rice blast, caused by the fungal pathogen Magnaporthe oryzae, is a devastating disease that causes huge economic losses in epidemic years (Dean et al., 2005) . The disease has become an advanced model pathosystem for understanding the molecular basis of plant-fungal interactions because of the availability of both host and pathogen genome sequences, the availability of a wealth of genetic resources, and the feasibility of molecular manipulation of both species (Valent, 1990; Shimamoto and Kyozuka, 2002; Caracuel-Rios and Talbot, 2007) . To date, a total of 18 rice (Oryza sativa) R genes, two rice blast quantitative trait loci, and nine Avr genes in M. oryzae have been cloned (J. Liu et al., 2010a; Takahashi et al., 2010; Chen et al., 2011; Okuyama et al., 2011; Yuan et al., 2011; Zhai et al., 2011; Gupta et al., 2012) . With the exception of Pi-d2, which encodes a B-lectin kinase protein, all rice R genes encode NBS-LRR proteins. With regard to the pathogen, putative molecular functions of the identified Avr genes vary greatly . The ACE1 gene corresponding to the Pi33 resistance gene encodes a putative hybrid between a polyketide syntase and a nonribosomal peptide synthetase and is a member of an infection-specific gene cluster involved in microbial secondary metabolism (Böhnert et al., 2004; Collemare et al., 2008) . The deduced amino acid sequence of Avr-Pita has high similarity to fungal neutral metalloproteases (Orbach et al., 2000) . The other seven Avr effectors do not have known functions or identifiable functional domains. Some M. oryzae Avr effectors (i.e., Avr-Pita, PWL1, and PWL2) and biotrophy-associated secreted (BAS) proteins are secreted into biotrophic interface complexes (BICs), and so far only PWL2 and BAS1 have been demonstrated to be translocated into living rice cells .
We cloned three broad-spectrum R genes, Pi2, Pi9, and Piz-t Zhou et al., 2006) . Each of these three allelic genes confers resistance to a diverse set of blast isolates and encodes an NBS-LRR protein with high sequence similarity to the other proteins. Sequence comparisons among them revealed a disproportionate number of sequence variations located within the LRR region, and eight amino acid changes differentiating Pi2 from Piz-t are confined to three consecutive LRR repeats that determine resistance specificity (Zhou et al., , 2007 . We also cloned AvrPiz-t, the cognate Avr gene for the R gene Piz-t (Li et al., 2009 ). AvrPiz-t encodes a predicted 108-amino acid polypeptide with a secretion signal at the N terminus. The deduced amino acid sequence of the AvrPiz-t protein shows no sequence similarity to any known proteins. In this study, we demonstrated that AvrPiz-t is secreted into the BIC and translocated into rice cells. Ectopic expression of the AvrPiz-t gene in the Piz-t-lacking rice plants reduces the flg22and chitin-triggered increase in ROS and enhances susceptibility to a virulent rice blast strain. AvrPiz-t interacts with the E3 ubiquitin ligase AvrPiz-t Interacting Protein 6 (APIP6) and suppresses its E3 ligase activity in vitro. Interestingly, APIP6 also ubiquitinates AvrPiz-t in vitro and promotes degradation of the AvrPiz-t protein in vivo. Silencing of APIP6 reduced the flg22triggered ROS generation and enhanced the susceptibility to a virulent blast strain. In contrast with previous reports, our study has discovered that a fungal effector can target a host E3 ubiquitin ligase for degradation to suppress PTI in plants. In return, the host E3 ubiquitin ligase can also degrade the fungal effector to reduce its interference on host PTI.
RESULTS

AvrPiz-t Is Translocated into Living Rice Cells during Rice Blast Infection
Functional recognition of pathogen Avr proteins by plant intracellular NBS-LRR R proteins leads to a rapid HR and defense response; this process is also known to require the translocation of Avr proteins into plant cells (Houterman et al., 2009; Rafiqi et al., 2010) . To assess whether AvrPiz-t is translocated into rice cells, we used a live-cell imaging approach that was successfully used to localize M. oryzae effectors in rice sheath epidermal cells . The AvrPiz-t gene with its native promoter was engineered to express a C-terminal fusion of mCherry with a nuclear localization signal (AvrPiz-t pro :AvrPiz-t:mCherry: NLS) to facilitate visualization of translocated fluorescent protein by concentrating the AvrPiz-t:mCherry:NLS fusion protein in the rice nucleus. This fusion construct was cloned together with a fusion construct expressing a green fluorescent protein (GFP)-labeled version of the putative extracellular matrix protein BAS4 (BAS4 pro :BAS4:EGFP) in a single T-DNA region and transformed into the blast strain O-137. BAS4: EGFP fusion protein was used as a control for the presence of intact host-derived membrane around invasive hyphae . The transformed strain was inoculated in rice sheaths, and fluorescence was observed by confocal microscopy 30 h after inoculation . We observed 10 independent fungal transformants that expressed both AvrPiz-t: mCherry:NLS and BAS4:EGFP fusion proteins. All transformants exhibited accumulation of mCherry red fluorescence in BICs (n > 60), and there was no detectable fluorescence inside invasive hyphae. This indicates successful secretion of the fluorescently labeled AvrPiz-t to BICs. To demonstrate the translocation of AvrPiz-t into host cells, we focused on three independent transformants that showed bright fluorescence of AvrPiz-t:mCherry: NLS. At successful infection sites where BAS4:EGFP was not spilled into host cells (n = 22) ( Figure 1 , EGFP, bottom panel), AvrPiz-t-associated red fluorescence was observed in the nuclei of invaded host cells (n = 21) ( Figure 1 , mCherry, middle panel) and in BIC (Figure 1, Merge, upper panel) . This result indicated that AvrPiz-t:mCherry:NLS had been translocated into host cells. We could not detect red fluorescence in the nuclei of adjoining cells that did not contain IH.
Ectopic Expression of AvrPiz-t Reduces Rice Basal Defense against M. oryzae
To investigate the function of AvrPiz-t in rice cells, we generated stable transgenic rice expressing the truncated AvrPiz-t gene (without the N-terminal signal peptide sequence) with a Cterminal fusion of Myc tag (AvrPiz-t:Myc) under the maize (Zea mays) ubiquitin promoter in the Piz-t-lacking cultivar Nipponbare (NPB). We obtained over 20 independent transgenic lines and used three homozygous T3 lines for the following experiments. The expression of AvrPiz-t:Myc in the transgenic lines was confirmed by immunoblot analysis (see Supplemental Figure 1 online). The transgenic plants grew normally in our growth chambers (i.e., growth was similar to that of the segregated wild-type plants). With standard spray inoculation, avirulent and virulent strains caused similar blast symptoms on both transgenic and wild-type control plants without noticeable difference in disease severity in terms of lesion size and number (see Supplemental Figure 2 online). To investigate whether expression of AvrPiz-t affected rice basal resistance to M. oryzae, we used the punch inoculation method, which is more suitable to measure the basal resistance levels of the transgenic plants than the standard spraying inoculation method as previously described (Ono et al., 2001) . Punch inoculation with the virulent strain RB22 showed that disease lesions were larger on the AvrPiz-t transgenic plants than on the control plants (Figures 2A) . To further confirm the observation, we counted spore number and estimated the relative fungal biomass in the infected leaves by DNA-based quantitative PCR (qPCR) (Berruyer et al., 2006) . The assays showed that more spores were produced in the lesions of the transgenic plants than in those of the control plants ( Figure 2B , left panel), corroborating the lesion size result. Moreover, the relative fungal biomass, as indicated by the ratio of the M. oryzae Pot2 gene versus the rice ubiquitin gene (determined by DNA-based qPCR), was greater in the AvrPiz-t plants than in the control plants ( Figure 2B , right panel). These results suggested that ectopic expression of AvrPiz-t in transgenic rice leads to enhanced susceptibility of rice plants to M. oryzae.
AvrPiz-t Suppresses PTI Signaling in Rice
A variety of plant pathogen effectors suppress the induction of ROS in infected tissues as a virulence function to perturb PTI (Boller and He, 2009; Block and Alfano, 2011; Dou and Zhou, 2012) . Recent studies showed that rice cells can perceive PAMP elicitor flg22 through the PRR FLS2 (Takai et al., 2008) and can perceive chitin through the PRRs CEBiP and CERK1 (Kaku et al., 2006; Shimizu et al., 2010) . To examine whether expression of AvrPiz-t in rice affected ROS generation after PAMP elicitor treatment, we collected leaves from the AvrPiz-t transgenic and The fungal transformant KV129 expressing AvrPiz-t:mCherry:NLS and putative interfacial matrix protein BAS4:EGFP at 30 h after infection in the sheath cells of rice cultivar YT16 rice is shown as a projection of confocal optical sections over a depth of 4 mm. "Merge" shows brightfield, mCherry (red), and enhanced GFP (green). Arrows indicate BIC, arrowheads indicate rice nucleus, and yellow indicates overlapping mCherry and enhanced GFP fluorescence signals. Pinhole settings were 1 airy unit for enhanced GFP and 12.5 airy units for mCherry. mCherry fluorescence occurred in the BIC and in the nucleus of the invaded rice cell with brighter fluorescence in the presumed nucleolus. Bar = 5 mm.
segregating wild-type plants and measured the ROS level after flg22 and chitin treatments using a ROS inhibition assay (Schwacke and Hager, 1992) . Like other plants, such as Arabidopsis Gómez-Gómez et al., 1999; Kunze et al., 2004; Miya et al., 2007) , tissues of 4-week-old rice plants also exhibited a ROS burst when they were exposed to flg22 or chitin ( Figures  2C and 2D ). The flg22-induced hydrogen peroxide accumulation was completely inhibited and the chitin-induced hydrogen peroxide accumulation was reduced by 40 to 50% in the AvrPiz-t transgenic plants relative to the control plants (Figures 2C and 2D) . Quantitative RT-PCR (qRT-PCR) revealed that the expression of the PTI-related genes, such as KS4, was significantly suppressed after 1 h in both the chitin-treated and flg22-treated AvrPiz-t plants ( Figure 2E , left panel). By contrast, the expression of PAL was significantly suppressed in the chitin-treated but not in the flg22-treated AvrPiz-t plants ( Figure 2E , right panel). Together with the results from the above inoculations and defense gene expression analysis, these data suggested that AvrPiz-t contributes to the virulence of M. oryzae by suppressing rice basal defense during the compatible interaction.
AvrPiz-t Interacts with APIP6 H58Y in Vitro and in Vivo
To elucidate the molecular mechanism underlying AvrPiz-tmediated suppression of host PTI, we performed a yeast twohybrid screen to identify potential host targets of AvrPiz-t. With the AvrPiz-t without the signal peptide sequence as the bait, a total of 12 distinct putative interactors, named AvrPiz-t interacting protein [APIP], were isolated from a rice cDNA library (Vega-Sánchez et al., 2008) . Interestingly, four APIPs (APIP2, 6, 8, and 10; in bold type in Supplemental Table 1 online) are likely involved in the UPS because APIP2, 6, and 10 are putative C3H4-type RING E3 ubiquitin ligases, and APIP8 is a homolog of the yeast UBIQUITIN FUSION DEGRADATION1 protein, which is responsible for the retrotranslocation of ubiquitinated proteins with their partners (Ye et al., 2003) . This result suggested that AvrPiz-t may manipulate the host UPS during blast infection. 
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We analyzed the function of APIP6 first because its interaction with AvrPiz-t in yeast was strong in our preliminary screens. We confirmed the AvrPiz-t-APIP6 interaction in yeast using three selections (Vega-Sánchez et al., 2008 ) ( Figure 3A) . A glutathione S-transferase (GST) pull-down assay showed that AvrPiz-t binds APIP6 in vitro ( Figure 3B ). To validate the interaction result in yeast, we expressed both AvrPiz-t (without the signal peptide sequence) and APIP6 in Nicotiana benthamiana using the agroinfection method (Goodin et al., 2002) . As a preliminary experiment, Agrobacterium tumefaciens carrying FLAG:APIP6 was infiltrated into N. benthamiana leaves, and the tissues were harvested 1 to 3 d after agroinfection (DAI) to monitor whether the APIP6 protein can be efficiently expressed in N. benthamiana leaves. Surprisingly, APIP6 was degraded completely within 1 to 3 DAI (see Supplemental Figure 3A online, top panel and lanes 1 to 3), and the degradation was not inhibited by MG132, an inhibitor of the 26S proteasome pathway (see Supplemental Figure 3A online, top panel and lane 4). We then mutated the His residue at the amino acid position 58 to Tyr (H58Y) in the APIP6 RING finger domain. Interestingly, the FLAG:APIP6 H58Y mutant protein was not degraded in the agroinfected leaves (see Supplemental Figure 3A online, top panel and lanes 5 to 7). Both immunoblot with the peroxidase antiperoxidase antibody and RT-PCR confirmed the expression of the APIP6 and APIP6 H58Y genes in the agroinfected tissues (see Supplemental Figure 3A online, second to fourth panel). To exclude the possibility that the FLAG tag and APIP6 were not in frame, we expressed FLAG:APIP6 and FLAG:APIP6 H58Y in Escherichia coli as MBP or GST fusion proteins. These proteins were detected with correct size by the immunoblot analysis with the anti-FLAG antibody (see Supplemental Figure 3B online).
Since the FLAG:APIP6 protein was not detectable in the agroinfected tissue, we coinfiltrated the Agrobacterium strains carrying the plasmids of FLAG:APIP6 H58Y and GFP:AvrPiz-t: HA in N. benthamiana leaves to confirm the AvrPiz-t-APIP6 interaction in vivo. Protein extracts isolated from the N. benthamiana leaves agroinfected with both Agrobacterium strains were subjected to a coimmunoprecipitation (Co-IP) assay. When the GFP:AvrPiz-t:HA fusion protein was immunoprecipitated from the plant extract using the anti-HA antibody, FLAG:APIP6 H58Y was detected in the immunocomplex of GFP:AvrPiz-t:HA using the anti-FLAG antibody ( Figure 4D online). Together these results indicated that AvrPiz-t:cYFP and APIP6 H58Y:nYFP interact in plant cells with more accumulation in the nucleus.
APIP6 Is a Functional RING Finger E3 Ubiquitin Ligase
The open reading frame of APIP6 is 1320 bp long, and the deduced protein contains 439 amino acids. BLAST searches against the rice genome database revealed that APIP6 is a singlecopy gene in the rice genome and that the deduced protein belongs to a large family of conserved and ubiquitous RING finger proteins. The conserved C3H4 RING finger domain is located at the N terminus of APIP6 (35 to 80 amino acids; see Supplemental Figure 5A online). To determine whether APIP6 Figure 3 . Interaction between AvrPiz-t and APIP6 in Vitro and in Vivo.
(A) Yeast two-hybrid assay between BD-AvrPiz-t (without the signal peptide sequence) and AD-APIP6. Cells were plated on -Leu-Trp-His media containing 50 mM 3-amino-1,2,4-triazole (3AT), a competitive inhibitor of the His3p enzyme. (B) GST pull-down of MBP:APIP6 and MBP:APIP6 H58Y by GST:AvrPizt:HA. GST:HA was used as a negative control (C) Co-IP analysis of FLAG:APIP6 H58Y and GFP:AvrPiz-t:HA (without the signal peptide sequence) in vivo. The GFP:AvrPiz-t:HA and FLAG: APIP6 H58Y genes were expressed in N. benthamiana using agroinfection. The Co-IP experiment was performed with the anti-HA antibody, and the isolated protein was analyzed by immunoblot using anti-FLAG antibody to detect APIP6 and anti-HA antibody to detect AvrPiz-t. Asterisk indicates nonspecific bands (left panel) or IgG bands from anti-HA antibody used for Co-IP (right panel).
Fungal Effector Targets E3 Ligase 5 of 15 possesses E3 ubiquitin ligase activity, we performed an in vitro E3 ubiquitin ligase assay that included a series of negative controls lacking E1, E2, or ubiquitin. To investigate whether the E3 ligase activity depends on its RING finger domain, we included the APIP6 H58Y mutant protein with a His-to-Tyr mutation in the RING domain (see Supplemental Figure 5B online) in the activity assay. The MBP:APIP6 or MBP:APIP6 H58Y fusion protein purified from E. coli was incubated with wheat (Triticum aestivum) E1, Arabidopsis E2 (UBC10), ubiquitin (Ub), and ATP in the reactions. The immunoblot analysis showed that the signal of polyubiquitin products with high molecular weight was detected only in the presence of all the components (see Supplemental Figure 5C online, lane 6), suggesting that APIP6 is an active E3 ubiquitin ligase. In the reaction with the APIP6 H58Y mutant protein, however, the E3 ubiquitin ligase activity was completely abolished (see Supplemental Figure 5C online, lane 7), suggesting that an intact RING finger domain is required for the E3 ubiquitin ligase activity of APIP6 in vitro.
AvrPiz-t Is Ubiquitinated by APIP6 and Suppresses APIP6-Mediated Ubiquitination in Vitro
Because APIP6 has E3 ubiquitin ligase activity in vitro and interacts with AvrPiz-t in yeast, we speculated that AvrPiz-t might be a substrate of APIP6. To test this hypothesis, we performed a similar ubiquitination assay as described earlier for APIP6 E3 ubiquitin ligase activity (see Supplemental Figure 5C online) but added the GST:AvrPiz-t:HA fusion protein in the reaction. Strong signals of two high molecular weight bands of ubiquitinated products were detected by the anti-HA antibody only in the reaction with GST:AvrPiz-t:HA ( Figure 4A , lane 6), indicating that AvrPiz-t is ubiquitinated by APIP6. By contrast, no high molecular weight band was observed in the control reaction in which the unrelated Avr-Pita:HA fusion protein was added ( Figure 4A , lane 7) (Jia et al., 2000) . However, the APIP6 H58Y mutant protein lacking E3 ubiquitin ligase activity was not able to ubiquitinate GST:Avr-Piz-t:HA ( Figure 4A , lane 8). Surprisingly, when the signal on the same immunoblot was detected using the antiubiquitin antibody, the ubiquitination signal was significantly weaker in the reaction that included the GST: AvrPiz-t:HA fusion protein (;30% signal reduction; Figure 4B , lane 6) than in the reaction that also included the control protein GST:Avr-Pita:HA ( Figure 4B Figure 6B online, lane 4). Similar results were obtained when the GST tag was replaced by the MBP tag in the AvrPiz-t fusion construct. The E3 ligase activity of APIP6 was significantly reduced when the MBP:AvrPiz-t fusion protein was included in the reactions (see Supplemental Figure 7A online). Furthermore, multiple high molecular weight bands above the MBP:AvrPiz-t protein were detected by immunoblot analysis with anti-MBP antibody in the presence of the MBP:AvrPiz-t recombinant protein (see Supplemental Figure 7B online). These results clearly demonstrated that APIP6 ubiquitinates AvrPiz-t, and in return, AvrPiz-t suppresses APIP6 E3 ligase activity in vitro.
AvrPiz-t and APIP6 Promote Degradation of Each Other in N. benthamiana Leaves
In vitro ubiquitination of AvrPiz-t by APIP6 prompted us to investigate whether the fungal effector AvrPiz-t can be degraded in planta in the presence of the rice E3 ubiquitin ligase APIP6. We coinfiltrated the Agrobacterium strain carrying the GFP: AvrPiz-t:HA construct with that containing the FLAG:APIP6 or FLAG:APIP6 H58Y construct into N. benthamiana leaves and extracted total protein from the treated leaves at 2 DAI. The immunoblot analysis revealed that the protein level of GFP: AvrPiz-t:HA was significantly lower in the tissue where APIP6 was coexpressed ( 
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The Plant Cell degradation pathway in N. benthamiana. Nevertheless, these results demonstrated that APIP6 promotes the degradation of AvrPiz-t and that its E3 ligase activity is essential for the degradation.
The oomycete effector Avr3a targets and stabilizes the host E3 ligase CMPG1 to potentially prevent host cell death during the biotrophic phase of infection (Bos et al., 2010) . Because we found that AvrPiz-t suppresses APIP6 E3 ubiquitin ligase activity in vitro, we postulated that AvrPiz-t might affect the accumulation or stability of APIP6 in plant cells. To confirm this speculation, we coinfiltrated the plasmids containing GFP:AvrPiz-t:HA and FLAG:APIP6 H58Y into N. benthamiana leaves because the wild-type APIP6 was not detectable (see Supplemental Figure  3A online) and extracted total protein from the treated leaves 3 DAI. In the coagroinfection assay, the GFP:HA protein was used as a negative control. As shown in the first panel of Figure 6 , a GFP-HA band was detected in the second lane and a GFP: AvrPiz-t:HA band was detected in the third and fourth lanes using the anti-HA antibody. The immunoblot analysis with the anti-FLAG antibody also showed that the protein level of FLAG: APIP6 H58Y was significantly less when coexpressed with GFP: AvrPiz-t:HA than in the control containing an empty vector (ev) . These results demonstrated that AvrPiz-t promotes degradation of APIP6 H58Y and possibly its wild-type protein, APIP6, via the 26S proteasome system in plant cells.
Knockdown of APIP6 Compromises Basal Defense in Rice
To determine the function of APIP6 in Piz-t-mediated resistance, we constructed an APIP6 RNA interference (RNAi) construct targeting the region between 470 and 739 bp after the ATG codon (see Supplemental Figure 5A online). To determine the specificity of APIP6 silencing, we performed BLAST searches (Altschul et al., 1997) with the rice genome databases and found that the RNAi fragment matched 100% to the DNA sequence of APIP6 (Os05g0154600) and 80% to Os01g0350900 (see Supplemental Figures 8A and 8B online) . Window pane analysis of the RNAi fragment revealed that all the 21 nucleotides only 100% matched to the APIP6 sequence (see Supplemental Table  2 online), indicating a high efficacy of the RNAi construct on the silencing of APIP6. The RNAi construct was transformed into the Piz-t-carrying cultivar Toride (TRD) (Li et al., 2009 ) using the Agrobacterium-mediated transformation method . Over 20 independent lines were obtained and self-pollinated to produce seeds in growth chambers. In both the T1 (primary transformants) and T2 generations, the RNAi plants grew normally and did not show any changes in growth and development. Three homozygous lines of the T3 generation with significant reduction of the APIP6 transcript were chosen for the phenotypic analyses. To exclude the possibility of silencing Os01g0350900 as an off- FLAG:APIP6 or FLAG:APIP6 H58Y (H58Y) was coexpressed with GFP: AvrPiz-t:HA (without the signal peptide sequence) by agroinfection, and the tissues were harvested 2 DAI. MG132 (50 mM) was infiltrated with DMSO 18 h before sampling. The TAP tag gene was expressed as an internal control, and the protein was detected by immunoblot with the peroxidase antiperoxidase (PAP) antibody. The transcriptional level of each gene was determined by RT-PCR. Agrobacterium carrying FLAG:APIP6 H58Y construct was coinfiltrated into N. benthamiana leaves with either an empty vector (ev), GFP:HA (G), or GFP:AvrPiz-t:HA (without the signal peptide sequence). The agroinfected tissues were harvested 3 d after treatment. MG132 (50 mM) was infiltrated with DMSO 18 h before sampling. The transcriptional level of each gene was determined by RT-PCR.
Fungal Effector Targets E3 Ligase 7 of 15 target in the APIP6 RNAi lines, we measured the expression level of APIP6 and Os01g0350900 in the segregated wild type and the three independent RNAi lines by qRT-PCR. We found that, while the APIP6 expression was reduced significantly compared with the wild type, the expression of Os01g0350900 in the transgenic lines was not changed compared with that in the wild type (see Supplemental Figure 9 online). We first tested whether silencing of APIP6 affected Piz-t resistance by inoculating the RNAi plants with the AvrPiz-t-carrying strain RO1-1. Blast inoculations showed that the APIP6 RNAi plants were as resistant as the wild-type Piz-t plants (TRD) to the isolate, suggesting that APIP6 is not required for the Piz-tmediated resistance to the avirulent strain. Next, we evaluated the resistance of the APIP6 RNAi plants to the virulent strain RB22. Punch inoculation assays showed that lesions were larger on the APIP6 RNAi plants than on the segregated wild-type plants ( Figure 7A ). More spores were produced on the infected leaves of the APIP6 RNAi plants than on the control plants ( Figure 7B , left panel). In addition, the fungal biomass (as indicated by the relative amount of the Pot2 gene per infected leaf area) was greater in the RNAi plants than in the control plants ( Figure 7B , right panel). These results demonstrated that knockdown of APIP6 compromises basal defense against M. oryzae in rice.
To determine the molecular basis of the reduced resistance in the APIP6 RNAi plants, we first analyzed the induction of ROS after flg22 and chitin treatments in both the RNAi and segregated wild-type plants. As observed with the AvrPiz-t overexpression plants, knockdown of APIP6 resulted in ;60% suppression of the ROS generation in the rice leaves within 10 min after the flg22 treatment compared with that in control plants ( Figure 7C ). However, the suppression of APIP6 expression in the APIP6 RNAi plants did change ROS production induced by chitin ( Figure 7D ), suggesting that the reduction of basal resistance in the APIP6 RNAi plants is independent of the chitininduced rapid and transient ROS burst in rice. Real-time qPCR analysis revealed that the expression of the NAC4 gene was significantly reduced 1 h after the chitin and flg22 treatments in 
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The Plant Cell the RNAi plants compared with the control plants ( Figure 7E , left panel). Similarly, the expression of the PAL gene was also markedly reduced in the RNAi plants but the suppression of PAL occurred 3 h after the chitin treatment ( Figure 7E, right  panel) . However, the expression of PAL was similar in the RNAi and control plants even 3 h after the flg22 treatment ( Figure 7E,  right panel) . Together, these results demonstrated that APIP6 in rice is an important component in the PTI pathway in response to M. oryzae and may regulate the expression of the basal defense genes via the UPS.
DISCUSSION
AvrPiz-t Is a Cytoplasmic Effector and Suppresses PTI in Rice Cells
Although some M. oryzae effector proteins are translocated into rice cells during infection, presumably via the BIC , it is unclear whether avirulence proteins in M. oryzae are also delivered into rice cells via the BIC. In this study, we used a live-cell imaging approach developed by Khang et al. (2010) to determine whether AvrPiz-t accumulated in BICs and was translocated into rice cells. Imaging analysis showed that AvrPiz-t: mCherry:NLS fusion protein is evident not only in the BIC area but also in the rice nucleus, indicating that AvrPiz-t:mCherry:NLS is indeed translocated from invasive hyphae into rice cells. Unlike PWL2, which is present even in uninfected neighboring cells , AvrPiz-t:mCherry:NLS is absent in the nuclei of adjoining cells that lack invasive hyphae, indicating that AvrPiz-t might not move ahead of hyphae into uninfected neighboring cells. In plant pathogenic oomycetes, the N-terminal region of a subset of cytoplasmic effector proteins contain the RXLR motif, which is required for the translocation of these effectors into host plant cells (Whisson et al., 2007) . Similarly, some effector proteins from M. oryzae also contain the LxARlike motif but their function in translocation is unclear (Yoshida et al., 2009) . Further research will focus on identifying the region that is required for the translocation of the AvrPiz-t protein into rice cells. Some avirulence proteins of plant pathogens are known to have dual activities (Göhre and Robatzek, 2008 ). On the one hand, in the presence of its cognate resistance protein, an avirulence protein can trigger a rapid HR that is often associated with localized cell death. On the other hand, an avirulence protein may suppress PTI and thereby enhance pathogenesis in the host cells in the absence of its cognate resistance protein (Göhre and Robatzek, 2008) . We previously found that AvrPiz-t suppresses BAX-mediated programmed cell death in N. benthamiana (Li et al., 2009) . In this study, we expressed the AvrPiz-t gene without the signal peptide sequence in non-Piz-t backgrounds. The AvrPiz-t transgenic plants showed a nearly complete suppression of ROS generation triggered by the PAMP elicitors, flg22 and chitin, and a significant reduction of defense gene expression. In addition, the AvrPiz-t transgenic plants showed enhanced susceptibility to the virulent M. oryzae isolate. These results clearly demonstrated that AvrPiz-t enhances virulence by suppressing early defense responses to blast infection.
Function of Ubiquitin-Mediated Degradation in the Interaction between AvrPiz-t and APIP6
In the in vitro ubiquitination assays, we found that AvrPiz-t is ubiquitinated by the RING finger E3 ligase APIP6 ( Figure 4A ). This prompted us to test the stability of AvrPiz-t in rice cells. When the GFP:AvrPiz-t-HA fusion construct was expressed in rice protoplasts, no signal was detected in immunoblots when the anti-GFP antibody was used. We suspect that there are many host proteins that can target AvrPiz-t for degradation in rice cells. For example, we identified three RING-finger E3 ligases that interact with AvrPiz-t in our Y2H screens. However, the GFP: AvrPiz-t:HA fusion protein is stably expressed in N. benthamiana when agroinfected. This discrepancy might result from the difference between the ubiquitination systems in rice and N. benthamiana, and there is a lack of the components essential for the degradation of AvrPiz-t in N. benthamiana. Because the GFP: AvrPiz-t:HA fusion gene can be expressed in N. benthamiana, we were able to coexpress it with FLAG:APIP6 to test whether the expression of the APIP6 protein can affect the stability of AvrPiz-t in N. benthamiana leaves. Interestingly, we found that APIP6 interacts with AvrPiz-t and targets it for degradation and that MG132 does not inhibit the degradation. Although we believe that a one-to-one interaction assay between AvrPiz-t and APIP6 in N. benthamiana is a suitable system to test the interaction between these two proteins in planta, we should find a suitable assay to test whether the degradation of AvrPiz-t in rice occurs via the 26S UPS.
It is intriguing that APIP6 is degraded after agroinfection in N. benthamiana (see Supplemental Figure 3A online). However, the APIP6 H58Y mutant protein with a mutation in the RING finger domain is relatively stable, suggesting that APIP6 may be selfubiquitinated in N. benthamiana as observed for other plant E3 ligases (Jackson et al., 2000; Vaux and Silke, 2005) . Using the APIP6 H58Y mutant protein, we found that AvrPiz-t promotes the degradation of the APIP6 H58Y protein in N. benthamiana and that the degradation is significantly inhibited by MG132 ( Figure 6 ), suggesting that the APIP6 degradation depend on the UPS. Because a suitable in vivo assay system is lacking in rice, we were unable to test whether AvrPiz-t affects the stability of APIP6 in rice. However, we found that ectopic expression of AvrPiz-t and silencing of APIP6 leads to similar phenotypes, such as enhanced susceptibility to rice blast and suppression of the PTI-related defense gene expression in transgenic rice. These results indicate that AvrPiz-t might interact with and destabilize APIP6 in rice during blast infection. This finding is contrary to the previous report that the oomycete effector AVR3a interacts with and stabilizes the U-box E3 ligase CMPG1, which is required for INF1-triggered cell death (Bos et al., 2010) . The biochemical mechanism for the degradation of APIP6 in rice cells remains to be elucidated.
Function of APIP6 in Basal Resistance to M. oryzae
Knockdown of APIP6 in the Piz-t background does not lead to any cell death or change in resistance to an AvrPiz-t-carrying blast strain, suggesting that APIP6 is not required for Piz-tmediated disease resistance. Instead, we found that APIP6 RNAi plants show reduced basal resistance to the virulent blast Fungal Effector Targets E3 Ligase 9 of 15 strain, significant suppression of defense gene expression, and significant suppression of ROS generation after flg22 treatment. Interestingly, the suppression of ROS generation occurred after flg22 treatment but not to chitin treatment. By contrast, reduced defense gene expression was observed in the APIP6 RNAi plants in response to both chitin and flg22 treatments ( Figure  7E ). Previous research showed that a ROS burst can act in multiple ways to affect basal defense in plants: ROS bursts can act as a potent antibiotic, can enhance cell wall cross linking, and can serve as a secondary stress signal to activate different defense responses (Apel and Hirt, 2004; Boller and Felix, 2009) . Expression of defense genes can also be independent of the oxidative burst induced by different elicitors. In parsley (Petroselinum crispum), for example, mitogen-activated protein kinases play an important role in oxidative burst-independent expression of pathogenesis-related genes (Kroj et al., 2003) . In Arabidopsis, the oligogalacturonide-induced oxidative burst is not involved in the activation of the defense response to Botrytis cinerea (Galletti et al., 2008) . Therefore, we speculate that APIP6 might regulate gene expression downstream of or independent of the initial rapid ROS burst in the chitin-induced defense signaling pathway. Alternatively, APIP6 might only affect the flg22mediated defense response, and AvrPiz-t might affect the chitin signaling pathway via another APIP in rice. Therefore, functional analysis of other APIPs may identify a target of AvrPiz-t for the suppression of the chitin-mediated defense pathway in rice. Similarly, comparison of transcriptome profiles of AvrPiz-t transgenic and APIP6 RNAi plants before and after chitin treatment may identify chitin-associated defense genes in rice. The relationship between the APIP6-mediated ubiquitination pathway and the FLS2-mediated PTI pathway is another interesting area for further study. A recent study in Arabidopsis showed that the phosphorylated U-box E3 ligase PUB13 interacts with FLS2 and promotes the degradation of FLS2 after flg22 treatment (Lu et al., 2011) . It will be interesting to investigate whether rice FLS2 or its downstream protein(s) is the substrate of APIP6 during rice blast infection.
Based on the results obtained in this study, we propose a working model to illustrate the functions of AvrPiz-t and APIP6 in rice PTI. When M. oryzae infects rice plants, the secreted AvrPiz-t targets the RING finger E3 ubiquitin ligase APIP6 for degradation through an unknown mechanism. Because of the positive function of APIP6 in PTI, APIP6 degradation leads to reduced ROS generation and increased susceptibility of rice plants to M. oryzae.
METHODS
Rice Blast Inoculations and Disease Resistance Evaluations
The Magnaporthe oryzae isolates used in the study were grown on oatmeal agar for 2 weeks in the dark at 28 to 30°C and then exposed to fluorescent lights for 1 week at room temperature for sporulation. Spore concentration was adjusted to 5 3 10 5 spores mL 21 with a hemacytometer before spores were applied by spraying or punch inoculation (Ono et al., 2001) .
Rice (Oryza sativa) seeds were sterilized by immersion in 75% ethanol for 1 min followed by immersion in 2% sodium hypochlorite for 40 min. After they were washed with sterile water, seeds were germinated on half-strength Murashige and Skoog medium for 1 week and then transferred to soil. Rice plants were maintained in a growth chamber at 26°C and 80% relative humidity with a 12-h light/dark photoperiod. Three-week-old seedlings were spray inoculated with spores following the procedure described by Qu et al. (2006) . The resistance of 6-to 8-week-old rice plants to M. oryzae was evaluated by the punch inoculation method with slight modification (Ono et al., 2001) . In brief, rice leaves were lightly wounded with a mouse ear punch, and 10 mL of spore suspension (5 3 10 5 spores mL 21 ) was added to the wound. Both sides of the inoculated area were sealed with Scotch tape to hold the spore suspension, and inoculated plants were returned to the growth chamber. Lesions were photographed 9 DAI, and lesion area was measured by analyzing the photographs with Adobe Photoshop software; the number of pixels with and without lesion was determined in a 300-mm 2 area. For determination of the blast sporulation rate on the lesions, a portion of the lesion (;3 3 1 cm) was cut from the leaf and placed in a microcentrifuge tube containing 100 mL of distilled water with 1% Tween 20. The samples were vigorously mixed in a vortex mixer for 2 min to dislodge the spores, and the number of spores mL 21 was determined with a microscope and a hemacytometer. The fungal biomass in infected rice leaf tissue was quantified using a slight modification of a previously described method (Kawano et al., 2010) . In brief, a small piece of infected rice tissue (3 3 1 cm) was cut for DNA extraction using the standard Cetyltrimethyl ammonium bromide extraction protocol. The DNA was treated with 1 mL RNase A (10 mg mL 21 ) to remove RNA. DNA-based qPCR was performed using the iQ5 real-time PCR detection system (Bio-Rad). Relative fungal growth was calculated using the threshold cycle value (C T ) of M. oryzae Pot2 DNA against the C T of rice genomic ubiquitin DNA. The C T s of Os-Ubq and Mo-Pot2 were measured, and the C T of Ubq was subtracted from the C T of Pot2. Relative fungal growth was then calculated as a ratio (Mo-Pot2/Os-Ubq) represented by the equation E CT(Os-UBQ) 2 CT(Mo-Pot2) , in which the amplification efficiency, E, is 2 for the primer pairs designed for the respective genes (data not shown).
Rice Transformation
The AvrPiz-t overexpression plasmid, named pCXUN-DSAPZ, was constructed in pCXUN in which the AvrPiz-t gene without its signal peptide sequence was under the control of the maize (Zea mays) ubiquitin promoter (Chen et al., 2009 ). The APIP6 RNAi construct, pCXUNAP6i-2, was made in pCXUN in which the region between 470 and 739 bp after the ATG code in APIP6 was cloned into the vector using an overlapping PCR method as described previously (Chen et al., 2009) .
Rice callus was induced from the embryos of mature seeds of the Japonica rice cultivars NPB and TRD. Rice transformation was conducted using the Agrobacterium tumefaciens-mediated method described previously (Yin et al., 2000; Qu et al., 2006) .
Live-Cell Imaging Analysis of AvrPiz-t in Rice Cells
For the P Avr-Piz-t :AvrPiz-tCDS:mCherry:NLS construct, the AvrPiz-t promoter and its entire 324-bp sequence was PCR amplified with the primer pair AvrPiz-t-FPro-MfeI/AvrPiz-t-R-BamHI. The amplified fragment was then digested with MfeI and BamHI and cloned into the EcoRI-SalI site of the pBV436 vector along with the mCherry:NLS fragment released from pBV591 by enzyme digestion with BamHI and SalI . The AvrPiz-t:mCherry:NLS-BAS:EGFP plasmid was transformed into blast isolate O-137 (Valent et al., 1991) using Agrobacterium-mediated transformation (Khang et al., 2006) . Leaf sheath inoculation was performed by incubating fungal spores (3 3 10 4 spores/mL in 0.25% gelatin) in the hollow interior of detached leaf sheaths of rice cultivar YT16. The inner epidermal layer was excised immediately before it was examined with a Zeiss Axiovert 200M confocal microscope equipped with a Zeiss LSM 510 META system. A C-Apochromat 340/1.2-numerical aperture 10 of 15
The Plant Cell water immersion objective was used, and excitation/emission wavelengths were 488 nm/505 to 550 nm for enhanced GFP and 543 nm/560 to 615 nm for mCherry.
Plasmid Construction
Plasmids were constructed following the standard procedures described by Sambrook and Russell (2001) . The primers used in plasmid construction and qPCR are listed in Supplemental Table 3 online. For the AvrPiz-t construct, AvrPiz-t that was PCR amplified with the primer pair AvrPiz-t-HAF1/AvrPiz-t-HAR was cloned into pXUN-CHA, which is a derivative of pXUN (Chen et al., 2009) , which contains the HA sequence in the C terminus of the cloning site. Then, the AvrPiz-t-CHA fragment was amplified with the primer pair AvrPiz-t-HAF1/AvrPiz-t-HAR2 and digested with BamHI and XhoI. The digested product was inserted into the BamHI-SalI site of pGex-6p-1 or into the BglII-SalI site of pGDG for expression in Escherichia coli and Nicotiana benthamiana, respectively. For the cloning of APIP6 into the pMAL-c2x vector to express protein in E. coli, the APIP6 fragment was amplified with a primer pair, APIP6-ProF/APIP6-ProR. The amplicon digested with EcoRI and SalI was inserted into the EcoRI-SalI site of pMAL-c2x. To generate the APIP6 H58Y mutation, the RING finger domain fragment was mutated by PCR with the primer pair AP6mutF/ AP6mutR, and the purified fragment was digested with PstI and HindIII.
The digested fragment was cloned into PstI-HindIII site of pMAL-c2x. For pGD-FLAG:APIP6 and pGD-FLAG:APIP6 H58Y constructs to be used for agroinfection in N. benthamiana, either amplified APIP6 or APIP6 H58Y fragment was cloned into pXUN-FLAG vector (Chen et al., 2009) . From these two vectors, the BamHI and SalI fragments containing FLAG:APIP6 or FLAG:APIP6 H58Y were inserted into the BglII-SalI site of pGD vector. The same BamHI and SalI fragment was also cloned into either pGex-6p-1 or pMAL-c2x for expression in E. coli. For the TAP tag construct, the TAP tag fragment amplified from the plasmid pubi.nc1300.ntapintron.new with the primer pair of Taptag-F/Taptag-R was cloned into pGD for the expression in N. benthamiana as an internal control. To measure the expression of each gene after agroinfection, total RNA was extracted using TRIzol reagent (Invitrogen) according to the manufacturer's instructions followed by DNase I treatment for 15 min at room temperature. First-strand cDNA was prepared from 2 mg of RNA using the reverse transcription system (Promega) according to the manufacturer's protocol. RT-PCR was performed using 25 cycles of amplification, and the PCR products were separated on a 1.4% agarose gel. The amplification of the TAP tag gene was used as a control for an equal amount of the first-strand cDNA being used for each PCR reaction. The primers used are listed in Supplemental Table 3 online.
Agroinfection Assay in N. benthamiana
Agrobacterium strain GV3101 carrying different constructs was grown at 28°C in a shaking incubator at 200 rpm. After 18 h, bacterial cells were spun down at 3200g for 20 min and resuspended in MES buffer (10 mM MgCl 2 and 10 mM MES, pH 5.6) augmented with acetosyringone (final concentration 150 mm) to a final OD 600 of 1.5 for all constructs except the p19 and the TAP tag constructs, which had final ODs of 1.0, and 0.25, respectively. The bacterial suspensions were incubated for 3 h, prior to agroinfection into N. benthamiana leaves (L. Liu et al., 2010b; Ning et al., 2011) . For the BiFC assay, constructs expressing the N-and C-terminal halves of GFP were mixed with the p19 expressing construct in the ratio of 1:1:1 (v/v).
In Vivo Co-IP and BiFC
For the in vivo Co-IP assay, Agrobacterium strain GV3101 carrying the expression vectors FLAG:APIP6, FLAG:APIP6 H58Y, or GFP:AvrPiz-t:HA was infiltrated into N. benthamiana leaves. Two days after agroinfection, the leaf tissue was harvested for extraction of total proteins with a native buffer that was composed of 50 mM Tris-MES, pH 8.0, 0.5 M Suc, 1 mM MgCl 2 , 10 mM EDTA, 5 mM DTT, and plant protease inhibitor cocktail (1 mM 49-29-aminoethyl benzene sulfonyl fluoride, 1 µM bestatin, 1 µM pepstatin A, 100 µM leupeptin, 5 µM E-64, and 10 mM phenanthroline in DMSO) (L. Liu et al., 2010b) . A 10-mL volume of anti-HA agarose suspension (Sigma-Aldrich) was added to the protein samples, and the mixtures were kept at 4°C with slow shaking overnight. The samples were washed three times using 13 IP buffer according to the manufacturer's instructions (Sigma-Aldrich). After 50 mL of 13 SDS loading buffer was added, the sample was heated to 95°C for 5 min. About 15 mL of each sample was loaded on the protein gel for immunoblot analysis using the anti-HA or anti-FLAG antibody. For BiFC, we followed the procedure previously published by Waadt et al. (2008) and used the vector hygII-SPYNE173 for cloning of the APIP6 H58Y fragment and the vector kanII-SPYCE (M) for cloning of the AvrPiz-t fragment (without the signal peptide sequence). Leaf disks were collected 48 h after coagroinfection. Live-cell imaging was performed using a Nikon C2 confocal microscope equipped with the NIS Elements software suite (Nikon). A 320 oil immersion objective lens was used to observe fluorescence. All images were taken with the same settings of exposure time, laser strength, and signal gain (excitation, 488 nm; emission, 515 nm) . For RFP detection, the excitation was 553 nm and emission was 574 nm.
Protein Purification from E. coli and E3 Ubiquitin Ligase Activity Assay
Full-length cDNAs of APIP6 and AvrPiz-t (lacking the signal peptide sequence and having the HA tag sequence at the C terminus) were expressed as N-terminal MBP and GST-tagged proteins, respectively, in the Rosetta2 (DE3) strain of E. coli. The two proteins were affinity purified with maltose (NEB) and with glutathione matrix (Sigma-Aldrich) respectively. In vitro ubiquitination reactions were performed by adding 1 µg of MBP:APIP6, 1 µg of GST:AvrPiz-t:HA, 40 ng of wheat (Triticum aestivum) E1, 100 ng of Arabidopsis thaliana E2 (UBC10), 1 mg of ubiquitin, and 1.5 mL of 203 reaction buffer (1 M Tris HCl, pH 7.5, 40 mM ATP, 100 mM MgCl 2 , 40 mM DTT, 600 mM creatine phosphate, and 1 mg mL 21 creatine phosphokinase). The reaction was incubated at 30°C for 1.5 h in a 30-mL reaction volume before it was stopped with the SDS sample loading buffer and heated to 100°C for 5 min. Samples of the reactions were then separated on a 10% SDS-PAGE gel. Ubiquitination signals were detected by immunoblotting with the antiubiquitin antibody (Biomol) followed by chemiluminescence with the ECL kit (Promega).
GST Pull-Down
GST pull-down was conducted by following the procedures described by Sambrook and Russell (2001) . About 50 mg of glutathione-agarose beads were mixed with ;10 mg of GST:HA or GST:AvrPiz-t:HA. After the incubation at 4°C for 2 h with end-over-end mixing, supernatant was removed and beads were washed four times with 1 mL of ice-cold PBS buffer. Next, ;10 mg of MBP:APIP6 or MBP:APIP6 H58Y was added into above beads for the incubation at 4°C for 2 h with end-over-end mixing. After four times of washing with 13 PBST, the SDS sample loading buffer was added to beads and heated to 100°C for 5 min for the immunoblot analysis.
Protein Extraction from Rice Plants and Immunoblot Analysis
Total protein from 4-week-old rice plants was extracted. Briefly, ;4 cm 2 of leaf tissues was ground in liquid nitrogen and subsequently dissolved in protein extraction buffer (50 mM Tris-MES, pH 8.0, 0.5 M Suc, 1 mM MgCl 2 , 10 mM EDTA, 5 mM DTT, 100 µM MG132, and plant protease inhibitor cocktail). Insoluble debris was pelleted by centrifugation at 13,000 rpm for 10 min at 4°C. Protein concentration was measured by Fungal Effector Targets E3 Ligase Bio-Rad protein assay reagent. Tricine sample buffer was added, and samples were incubated at 65°C for 2 min. Thirty micrograms of each sample was separated on a 10 to 20% Tris-Tricine Mini-Protean gel (Bio-Rad). Protein was then transferred onto Immobilon-P SQ PVDF membrane (Millipore) in CAPS buffer, pH 11.0, for 40 min (350 mA, 80 V). Immunoblots were done using standard protocols. Anti-Myc tag antibody (Abcam) and horseradish peroxidase-conjugated goat anti-rabbit antibody (Jackson ImmunoResearch) were used at dilutions of 1:3000 and 1:10,000, respectively. Chemiluminescene was detected using Pierce ECL substrate (Thermo Scientific) and the ChemiDoc XRS system (Bio-Rad).
Yeast Two-Hybrid Screening
The ProQuest two-hybrid system (Invitrogen) was used for screening of the AvrPiz-t interacting proteins. The AvrPiz-t coding region (without the signal peptide sequence) was cloned in frame into the bait vector pDBlue. pDBlue-AvrPiz-t was transformed into yeast strain Mav203. Yeast cells carrying pDBlue-AvrPiz-t were transformed with DNA isolated from a rice cDNA library, which was constructed into the prey vector pPC86 using mRNA isolated from the seedlings of rice line 75-1-127 (Vega-Sánchez et al., 2008) . Candidate clones growing on the SD/-Leu-Trp-His+50 mM +3AT medium were subjected to b-galactosidase assays for confirmation following the manufacturer's protocol (Invitrogen).
Measurement of ROS
Leaf disks from 4-week-old plants were cut and preincubated overnight in sterile distilled water. ROS generation after elicitor treatment in the leaf disks was monitored using the luminol chemiluminescence assay (Schwacke and Hager, 1992) . Three leaf disks per sample were placed in a microcentrifuge tube containing 100 mL of luminol (Bio-Rad Immun-Star horseradish peroxidase substrate 170-5040), 1.0 mL of horseradish peroxidase (Jackson ImmunoResearch) , and elicitor (100 nM flg22, 8 nM hexa-N-acetyl-chitohexaose, or water as control). Immediately after the treatment, luminescence was measured continuously at 10-s intervals for 21 min with a Glomax 20/20 luminometer (Promega). Three replications were performed for each sample and treatment. Standard errors were calculated for each treatment.
qPCR for Analysis of Defense Marker Gene Expression
Leaf disks were collected as described for the measurement of ROS and were treated with elicitors (100 nM flg22, 8 nM hexa-N-acetyl-chitohexaose, or water as control) for 1, 3, and 6 h. Total RNA was extracted and first-strand cDNA was synthesized as described above for RT-PCR. qPCR was performed using the iQ5 real-time PCR detection system (Bio-Rad). Primer pairs used for qPCR of the genes NAC4, PAL, and KS4 were synthesized based on the information reported in a previous study (Shimizu et al., 2010) and are listed in Supplemental Table 3 online.
Accession Numbers
Sequence data from this article can be found in Rice Genome Project website (http://rice.plantbiology.msu.edu/) or the Magnaporthe comparative database website (http://www.broadinstitute.org/annotation/genome/ magnaporthe_comparative/MultiHome.html) under the following accession numbers: APIP6, Os05g06270; KS4, Os04g10060; NAC4, Os01g60020; PAL, Os02g41680; Ubq, Os03g13170, AvrPiz-t, MGG_18041; and Pot2, MGG_13294.6.
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. Primers used in this Study
Primers Sequence Purpose Apiz-t-FPro-MfeI 5'CCCCAATTGTGATCCGTCGCGTCTCTATCCG TG3' P AVR-Piz-t :AvrPiz-tCDS:mCherry:NLS Apiz-t-R-BamHI 5'CCCGGATCCTTGGCGCTGAGCCTGAG3' APIP6-proF 5'GCCCGAATTCATGGGTGCGAGGGAGG3' APIP6 and APIP6 H58Y in pXUN-FLAG and pMAL-c2x APIP6-proR 5'CCCGTCGACCTACATCCTTGGGGTGTGC3'
NtGFPF 5'GATGGGTAAAGGAGAAGAACTTTT3' GFP in pXUN-HA tGFPR 5'ATTCGAGCTCTTAGAGTCCGGACTTGTATAG T3' TapTag-F 5'ATGGTGGTCGACAACAAGTTCAAC3' Cloning of Tap tag in pGD vector TapTag-R 5'TTACCCTCCACTAGACAGTGCGCCGC3' AvrPiz-tF 5'GGATCCAGCTTCGTACAATGCAATC3' Cloning of AvrPiz-t into pXUN-HA and RT-PCR AvrPiz-tR 5'GTCGACCTATTGGCGCTGAGCCTGAG3' AvPiz-HAF1 5'CCCGGATCCGAATTCATGAGCTTCGTACAAT GC3'
Cloning of AvrPiz-t:HA into pGDG and pGex-6p-1 AvPiz-HAR2 5'AGGCTCGAGACTAGTTAAGCGTAAT3' APIP6-mutF 5'CGAGTCGACAAGCTTCTACATCCTTGGGGT GTGC3'
Mutation of the APIP6 RING figure domain APIP6-mutR 5'AGGCTGCAGTGTGGCT ACGAGTTCCACC3' TAP-RTF 5'CCTCCATCTCCCAAACCT3' RT-PCR of TAP tag TAP-RTR 5'GCTCTTCCATCTGCTGCTCT3' AP6-RTF 5'TTAGTGAACAGTACCAGCAGA3' qRT-PCR of APIP6 AP6-RTR 5'AACTCCACCAGTTTGTCTCA3' NAC4-RT-F 5'TCCTGCCACCATTCTGAGATG3' qRT-PCR of NAC4 NAC4-RT-R 5'TTGCAGAA TCA TGCTTGCCAG3' KS4-RT-F 5'TCGCATTGCGTGTGCAA3' qRT-PCR of KS4 KS4-RT-R 5'TTGGAACTTCCGACATCGAAA3' OsUG_F 5'TTCTGGTCCTTCCACTTTCAG 3' qRT-PCR of rice genomic ubiquitin OsUG_R 5'ACGATTGATTTAACCAGTCCATGA 3' MoPot2_F 5'ACGACCCGTCTTTACTTATTTGG 3' qRT-PCR of M. oryzae retrotransposon Pot2. MoPot2_R 5'AAGTAGCGTTGGTTTTGTTGGAT 3' APIP6_3qF 5'TGCACACCCCAAGGATGTAG3' qRT-PCR of APIP6 APIP6_3qR 5'ACGACCCGGGCTTAATTTC3' 350900_3qF 350900_3qR 5'CGCTTCCAATGGTGTCCTAT3' 5'CAGGCAAATGCTCAGAAGTG3'
